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ABSTRACT
A symmetrical zonal kinetic energy equation in the space and
time domain, is derived and discussed. Each term, insofar as possi-
ble, is evaluated from five years of observational data for the north-
ern hemisphere. Particular attention is given to the terms which are
unique to the symmetrical equation. It is noted that the new terms
are difficult to measure accurately but nevertheless'do give some
meaningful results. Vertical motions are computed using mass and
momentum conservation techniques. It is found that processes acting
in the vertical are of considerable importance for the maintenance of
the zonal kinetic energy balance. The equation does balance with
only small residuals. The question of a bias in the observations is
discussed, with recommendations of procedures for removing this bias.
Thesis Supervisor: Victor P. Starr
Title: Professor of Meteorology
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CHAPTER I
INTRODUCTION
A. The problem and the method of solution
A fundamental problem in studies of the general circulation which
has confronted meteorologists since the beginning of the science is that
of explaining how the kinetic energy due to the motions in our atmosphere
- the winds - is maintained against the dissipating actions of friction.
Since the predominate motions observed are the zonal winds, denoted
throughout this paper by u, we address ourselves to the problem of how
the kinetic energy of the zonal winds is maintained against friction.
The basic approach used to solve the problem is to examine the magnitude
and sense of various terms, in the governing equation, evaluated from
observed wind data. The problem as formulated, as well as the approach
proposed are by no means original. In fact the problem has been solved
in a rather broad sense to the satisfaction of many students of the
general circulation. The uniqueness of the present investigation lies in
the form of the governing equation. The development of the equation is
presented in detail in a later section of this paper, so that, for now
it is sufficient to point out only the primary features. The equation is
based on the symmetrical formulation of the zonal kinetic energy equation
derived by Starr and Gaut (1969). It relates the time rate of change of
the kinetic energy of the mean zonal flow in a region of the atmosphere
to the generation of kinetic energy within the region, the transport of
kinetic energy through the boundaries of the region, and the dissipative
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actions of friction. It is so formulated that the effects of the earth's
rotation are included not only in certain generation terms but also in
certain boundary terms. In the more traditional treatment the earth's
rotation appears only in the generation terms in the form of the Coriolis
force.
Thus by considering the physical processes represented by each
term in the energy equation, with special emphasis on the new terms, and
by examining the. relative magnitudes and spacial and seasonal variability
of each quantity, a better understanding of some of those processes which
maintain the general circulation will hopefully be obtained. It should
be noted at this point that throughout this paper the expression "kinetic
energy of the zonal flow" will, for convenience, often be replaced by the
more concise expression "zonal kinetic energy", it being recognized that
the latter term generally describes a somewhat different quantity than is
being studied herein (see e.g. Lorenz, 1967).
B. Historical background
Observational studies of the kinetic energy balance of the zonal
flow were begun about twenty years ago when it became apparent that the
number of upper air sounding stations was finally sufficient to provide
meaningful estimates, based on actual wind data, of the pertinent quanti-
ties. The theoretical groundwork was laid by Starr (1948) who pointed
out that those processes which must of necessity deplete the kinetic
energy of the horizontal motions, i.e. turbulent viscosity of all scales,
may include some processes (namely large scale turbulent eddies) which
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act to generate kinetic energy of the zonal motions. The first observa-
tional evidence to support this theory was provided by the M.I.T. General
Circulation Project under the direction of Professor V.P. Starr. The
project's studies of the transport of angular momentum established the
importance of the eddy processes (see Widger 1949; Starr, 1951; and
Starr and White, 1951). Kuo (1951) showed that, for an admittedly small
sample, the eddy process in the atmosphere was a self consistent and
self sufficient mechanism in maintaining the zonal wind systems.
With the general nature of the solution established further efforts
were aimed toward examining larger data samples, in both time and space,
to provide more details about the zonal kinetic energy balance and to
refine the methods used in the computations. Starr (1953) presents an
excellent review of the early work in this direction. Further detail is
added by Saltzman (1958, 1959), Saltzman and Fleisher (1960ab) and
Saltzman and Teweles (1964) who not only verified that horizontal eddies
contribute to the maintenance of the zonal kinetic energy but through
the use of spectral analysis techniques were able to show which scale
eddies are most important, In the meantime Starr (1959) computed values
of the Coriolis generation term and found that this effect acted to
deplete the kinetic energy of the zonal winds, contrary to traditional
general circulation theory, although it was recognized that the time and
zonal average of the observed north-south wind component was a very
sensitive quantity. Oort (1964a) extended the studies of the kinetic
energy of the zonal flow to the stratosphere and Obasi (1965) to the
southern hemisphere. In an effort to by-pass some of the uncertainties
attendant to the meridional circulations, the actual measurement of which
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is even more difficult in the southern hemisphere, Gilman (1965) inferred
this circulation from momentum and mass balance considerations, a proce-
dure followed in some respects in the present paper.
More recently, efforts to better-understand the processes which
maintain the kinetic energy balance have been devoted to the study of
longer time periods - for example the five years of data used herein
which is described in Chapter III. This data collection has also been
used in an experiment to test computational and analysis techniques and
to study the effects of varying the number and geographical distribution
of upper air sounding stations actually used. For a review of this ex-
periment see Starr, Peixoto and Gaut (1970). The present paper uses the
best techniques developed in the above experiment and the widest coverage
of data to evaluate not only those new terms in the symmetrical kinetic
energy equation but also to examine insofar as possible every term in
the equation, most of which have not been evaluated from such a large
data sample.
-10-
CHAPTER II
DERIVATION OF KINETIC ENERGY EQUATION
A. Definitions and basic equations
The derivation that follows is similar in many respects to that
presented by Starr and Gaut (1969), differing primarily in that the time
domain is considered in addition to the space domain when the wind field
is resolved into components. A rotating, spherical coordinate system is
used in which % , 4 , R represent respectively longitude, latitude
and radius. The coordinates rotate about the polar axis at the rate -
which is taken as a constant equal to the rotation rate of the earth.
Since our ultimate objective is to evaluate various terms in the
energy equation, and since the most practical method for our purposes
would be to consider the time averaged wind components averaged over long-
itude, it is necessary to define the averages involved. For this purpose
we define the time averaged quantities as
( ) = ( ) dt (1)
where the integration is taken over the time interval At. Equation (1)
may be used to define the time deviation of a quantity ( ) from its
time mean, so that
Siilrl, e+efn (2)
Similarly, we define a zonally averaged quantity [ )3as
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U J) cJA (3)
where the integral is taken along a latitude circle. From (3) we can
define the spatial deviation ( ) from the zonal mean, so that
The fundamental equation of motion may be written in the form
C1 ± R cos4+F (5)
where -f R2 Co5Z + Rcos # L is the absolute angular
momentum per unit mass, the density, p the pressure, F the frictional
force per unit volume and u the linear eastward wind speed. The general
mass continuity equation for a source free region in a fluid is
+ + V 1  \V = O (6)
and the relation between individual and local time derivatives is given
by
(7)
where \ is the wind velocity vector.
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B. Preliminary manipulations
By virtue of (6) and (7), equation (5) may be written
RM + V pM V - + R cos F . (8)
Taking the average of (8) with respect to time; by using (1), and assum-
ing density to be independent of time, results in
)PRM + V -gM \V =-W + R cos < .(9)
Definitions (1) and (2) can be used to expand M \ into the components
FA i M'W. . The expanded equation (9) can then be multiplied by
to yield
Rco5 +
[i] p A + [ti] V~o ~ +[~ 17 M (10)
R co5+ t Rcos R #c0 f4
In integrating (10) over a polar cap it is to be noticed that all
terms appearing as changes with respect to longitude vanish when integra-
ting around a closed latitude circle, assuming as we do a smooth earth.
Thus the fourth term in (10) vanishes and the del operator becomes essen-
tially two dimensional, i.e. 7 + e , where e and
eR are the unit vectors in the direction of increasing latitude and
increasing radial distance, respectively. The integral form of the ener-
gy equation then becomes
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Rcos t JR COS+
+jil v - , w M'v a't'- lA] F d''a oJ]cL] cos 4
COS +
The second term in (11) can be rearranged by parts to yield
~[a]
S3 v-IpMi'dT = V - " 
- r
RCS oos f Rcos + R cos +
By the divergence theorem,
i7Encis
fC $PMV ' 0M\ i
where dS is an area element of the closed boundary surface S of the
volume 'r and Cn is the time averaged outward directed normal velo-
city component measured at the boundary. The second term in (11) can
then be written as
Rcos+ RC*S +'*RCos
(12)
The third term in (11) can likewise be rearranged by parts to yield
S /R Cos Rcos1pM' T,
By the divergence theorem,
(11)
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J -V _'_' =M - is=Rfs cos $pf 1 J c 4
S 5
where (M V) is a momentum transport term normal to dS. The third
term in (11) then becomes
S
Using (12) and (13), the energy equation (11) can be expressed as
r [ c .-PM drJ RFcs #, -)t . - + ~MI,,d S +F r(M'V') &dSf ARcoS pf J osn J 
S S
(14)
C. Expansion and final formulation
Using the definitions and relationships already presented, (14)
may be expanded as follows: from the fourth term we write that
WW ~-V- -- ~ s tfFRcoS 4'+t 4-?COS ? os (15)
where v and w are the time averaged northward and upward wind velocity
components, respectively. The element of volume d R =?2cos # JAcI+d4dR
and since the only quantities which can vary with A are Mi T and Mw ,
(Mv'4As
-15-
(15) may be rewritten as
T Ricos 4 Rcos
3 I? 2cos
Using M "4 SIas4+ R cos#
(16)+fN ir { j X .
and the definitions (1) through
(4) it can be shown that
d -2 a R cc s'2 [iZr rcos 4+ R][iS + 27rcos [C4A'i%
nd17)
Z~r A 4=Tr2 Ro +r] 2r R0.5 st 2r R cosU *u~ .
The fifth term in (14) may be similarly expanded, yielding the
intermediary form
S p
+if
Upon applying definitions (1) through (4) it is seen that
M"'V d A 2w-r Rcos[4
Qnd
m I 4r'd" =2-r R cos l ( j' 9
CI A) +J
(18)
(19)
f? Cos 4 i J , 4, JR
R2)t Rcos4
Cal C,M W V--=-
FCOS
Ib R cos R Cosr'd d+ f C,-)
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Turning our attention to the boundary integrals in (14), we will
first expand the second term as follows: First assume Cn at the bottom'
boundary (the earth's surface) = 0. The remaining surfaces of the polar
cap are the top, R = R, from #= #, to + = T-/2 (the north pole)
and the latitude wall at # = from ;? = ?, (radius of the earth) to
Further, Cn at the top=w, at the wall = -v and dS at the
top =JA Cos 4 d' d+# , at the wall = E cos 4, d' d R
Then
R6
fRMc is ch=Rcos C,( rd')E R
Rcos ROS
S
t COS (20)
For the third term in (14) we are interested in expanding
(rvt'v') At the top of the region (M \.r and
at the latitude wall Then the third term
in (14) may be written
S
R- cos &(21)
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The expanded form of the frictional dissipation term in (14) is
Lzi P dt = 2-rr La]FL R'cos 4 44< d R (22)
The only remaining term in (14), namely R cs# cwill
be treated as follows: as before, M=Q R Ixcos 2 4 + C cos # + .
Since -l , R and <f are independent of time
Rcos4= R cos -
Further, with the aid of (2) and (4), u may be resolved into
"j) l + U * L4
since (E] and UA
Then _z. :- L Q and
are independent of time the first and second-terms
on the right hand side vanish, leaving (A'
From (1), =-
large At,
, and for a sufficiently
tends toward zero, hence the first term in (14)
vanishes. Using all the above derived expansions i.e. (16)-(22), equa-
tion (14) takes the final form
o = f2'r [a](l If'cos 4 d 4 d R
plus the internal horizontal integrals
+f2r[ R[ 'cos' (--R-cosn- ( l -7 fRd4<fdRJ~ J1W 0 4))j
[23-o3
[23-13
() U I
211-
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+ [ Tri R'co 2#fy1) ti
+ R2r(Rcos2,!*?o [ )
R? d4a '
d4 R4
-b+J 2 Rcos ['l Rjd 4dR
plus the internal vertical integrals
+ J2rr~o R'rcos"#(.f R cos 4)[ F C O d R
+f 27rf I? c os cp (i3L R c 38
+ ~ ~~~~ C L A z.1 Rcid
+ R2 RCcoss Rd4CdR
+ 2 ro RCo 0 Rdd
plus the vertical boundary integrals at =#
d R21r/o R-A. cos' +, (a. R os 4,) [
{23.2}
{23.33
{23.4]
{23.53
(23.6}
[23.73
[23.83
{23.9)
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____ dF-I [23.1i0)+ 2r R cos - 4, [A] -I'r] dL4{3.2
fJR r- :>-R 4,
+ 2j7r r d R 23.113
f R co05$
R,
+ 2 Tr R , 023. 123
J ICos24
plus the horizontal boundary integrals at ? ?
-E/2.
2- r R' c os' (n. R c os 4)i[-r] 7 R, d {23.131
R cos
R,1 cos 4'
-W/2
-r2lr R, cos 24- - ] R c 4 23.151JCOS 
-W/2
- -w R,2 ,+M R dL 423.16]
RCos (t
D. Comments on the equation
1. The internal integrals in (23) represent the generation of
kinetic energy of the mean zonal flow L1) This action is seen to
involve the product of each component of angular momentum transport and
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the spatial gradient of the relative mean angular velocity, [a]/R cos 4
The components of the momentum transport are: that associated with the
basic rotation Il, that associated with the relative rotation [~]
that associated with the standing eddy motion u, and that associated
with the transient eddy motion u'. For a positive contribution there
must be an up-gradient transport of angular momentum.
2. The boundary integrals in (23) represent the transport of
kinetic energy across the'free boundaries of the region considered.
Since they involve the flux of absolute zonal momentum P IM/Rco4
and pr M/R, cos + multiplied by the zonal wind component u, these
terms describe that transport, as noted by Reynolds (1895), accomplished
through work done by the hydrodynamical stress components acting across
the boundary surfaces.
3. There are no terms in (23) representing the actual advection
of kinetic energy. This fact is pointed out in Starr and Sims (1970) in
regards to the space domain kinetic energy equation and applies as well
to (23). The advection of kinetic energy across the boundaries can never-
theless be written directly as:
-,2
+ t L' ccos c d R for the boundary at 4
and - 2rIr R, cos # d+# for the boundary at F?1
It is obvious that these terms differ from 123-101 and [23-143 only
by a factor of two. This relationship will be used when the equation
is evaluated from data.
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4. The kinetic energy equation may be written in many forms, some
of which may be found in the literature. For the formulation in the space
domain, see for example Kuo (1951), Saltzman (1957) and Starr and Gaut
(1969). Oort (1964) and Obasi (1965) present forms of the equation in
the space-time domain. Each of the above references contains the equa-
tion in a slightly different form. The differences are in some cases
due to different initial assumptions and in others due only to apparent
differences in the final form. In each case however the final equation
contains internal integrals representing the work done by the zonal com-
ponents of the Coriolis forces. This process does not appear explicitly
in (23) but rather is split up into the generation integrals (23-1} and
[23-53 and the boundary transport integrals (23-9) and (23-13. How-
ever, the most important differences between the present formulation and
the more customary treatments is in the appearance of the boundary inte-
grals. The energy equation may be rewritten by transforming all the
boundary integrals into internal integrals, or it may be written in a
form in which the only apparent boundary effects are those due to eddy
processes. Therefore, following the arguments of Starr and Sims (1970),
one can state that only (23), plus the proper kinetic energy advection
terms, describes uniquely in the space-time domain, with minimal assump-
tions, every process necessary to maintain the kinetic energy of the
zonal flow.
5. The assumptions made in deriving (23) are identical to those
made by Starr and Gaut (1969) and are discussed briefly in that paper.
They note that one of the major limitations is that the earth's surface
is not smooth, but has nonzonal inequalities due to orography. The most
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important consequence of this fact is that the path of integration with
respect to A is not continuous, being interrupted in the lower levels
by mountains. Thus the effects of mountain torques due to pressure dif-
ferentials and, since the equation is to be evaluated in pressure coor-
dinates, pressure surfaces intersecting the ground are neglected. It is
beyond the scope of this investigation to determine more than superfi-
cially the consequences of these assumptions, however for further details
see White (1949) or Starr, Peixoto and Sims (1970).
6. The first term in (14), j need not
necessarily be neglected since it is capable of being evaluated. It was
shown that M/at is equivalent to p R cos # 3 '/b t
so that the term becomes f2Tr pUA1R 2 4 [
which is nothing other than the so-called "seasonal" correction term
which arises because of the method of time averaging. Oort (1964) com-
puted its value and found that it could be neglected for a time period
as short as one year.
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CHAPTER III
EVALUATION OF THE EQUATION
A. Data
The data for this study consist of daily upper-air wind observa-
0
tions from all available stations north of about 20 S latitude for the
five year period beginning 1 May 1958. This set of data makes up a part
of what is now known as the M.I.T. General Circulation Data Library, and
has been used previously for momentum and energy studies (see e.g. Starr
1968; Walker 1969; Starr, Peixoto and Gaut 1970). The input for the pre-
sent investigation was thus available on tapes and consisted of the values
for various statistics of the wind field, namely [u1 , [v1 , [' and
at every 20 latitude and 50 mb pressure from 1013 mb to 13 mb.
The statistics were obtained entirely by computer processing.
As a first step in the preparation of the tapes, the observations
from the available 799 stations were screened in an effort to eliminate
all erroneous information. To provide as large a sample as possible and
still avoid totally unrepresentative values, time averages of observed
quantities were computed at each station and level only when at least 30
percent of the total number of observations in a time period were avail-
able. The time periods involved were for the entire 60 months and for
each individual season (15 months per season). The winter season consisted
of January, February and March, and so forth for the other seasons. An
objective analysis technique was employed to obtain grid point values for
each 10 degrees of latitude and longitude, except near the poles where
-24-
five-degree blocks were used. The fields were then reanalyzed to yield
values at two-degree intervals. From these quasi-horizontal maps at each
of 20 pressure levels, the zonally averaged statistics [ul , [1 u
and were computed. Briefly, then, the above describes the pre-
paration of the basic input tapes. For a more complete account see
Frazier, et. al., (1968). Walker (1969) includes a list of all stations
used along with the percentage of all observations available at each
station and level.
B. Computational procedures
For computational purposes, the kinetic energy equation (23) is
rewritten in pressure coordinates, using the hydrostatic assumption, and
replacing the variable R by the mean radius of the earth, a. It is recog-
nized that the quantity [iv7 , when obtained f om actual wind observations,
is subject to considerable uncertainty. This fact becomes obvious when
one sums the values for [7 throught the depth of the atmosphere at any
particular latitude and obtains a non-zero answer, cont'rary to the require-
ment that there be no net mass flow across latitude walls. The simplest
method to improve the values of [71 is to insure that this requirement
is met. Therefore, in all computations involving rV] , a normalized IV
is used instead of the analyzed quantity, [vIA . The normalized Uv
is obtained from the expression
PO
0
where p. is the surface pressure.
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Further, since only the horizontal winds are observed, a method must
be devised to deduce the vertical component of the.winds. A common
procedure, used herein, is to require the mass flowing across any sur-
face to be conserved and thus to construct an equation for the stream-
lines of mass continuity, . In pressure coordinates such an equa-
tion takes the form
2 Tcfos 9 c1 p (24)
where g is the acceleration due to gravity. Then the time and space
averaged value of the so-called "vertical motion" o = is given
dt
by
(25)
2Tr c cos4# at)c
The integrals [23-53 and [23-63 may then be evaluated using the
hydrostatic assumption and equations (24) and (25).
To deduce the size of the vertical eddies use is made of the
principal of conservation of absolute angular momentum. From this
principal one may write an equation for the streamlines of constant
absolute angular momentum X , which has the form
az C~~os c S [ ] + Ui l 1 + P (26)
Such a formulation includes in it the transport of momentum by every
scale of motion including molecular. But since the transport by the
molecular motions in the horizontal is much smaller than by the larger
-26-
motions, the molecular actions may here be neglected. In the vertical
direction, however, where the wind shears are much more pronounced and
hence the absolute angular momentum may vary considerably in a short
distance, the small scale and molecular motions are significant. Thus
an expression describing the transport of momentum across a horizontal
surface must contain, either explicitly or implicitly, such smaller
scale actions, The expression then has the form
2 -r o.1 C OSI,+ jQCO S#.Q -[-UjWiZo +iiiz] +f9J' +~i
(27)
where [TF] includes the small scale and molecular motion effects,
thus absorbing the frictional dissipation term F.. Rewriting (27) as
2Tr a2cos , a 0 -
(28)
it is seen that the right hand side may be evaluated from data with the
aid of (25) and (26), and upon invoking the hydrostatic assumption, the
integrals J23-03, (23-73 and f23-86 in combinationmay be evaluated
from (28). For further discussion see Starr, Peixoto and Sims (1970).
The integrals J23-13 through J23-4' and t23-9] through t23-121 may be
evaluated directly from the statistics discussed previously. The hori-
zontal boundary integrals (23-13) through[23-16) were not evaluated.
For the readers' convenience, there follows a list of the inte-
grands of each term of (23), in the form in which it was evaluated.
Frequent reference will be made in what follows to the identifying
-27-
number for each term.
I 2_TraECcoS 2 (J fIa o4) (r]J
a Cos
II 2rra osf
III j2Tr acccos2
IV 2rr a cos 4 a aCos 43
V 2Tr Q. 2 cOS'' 2 . (-a. a c s) E iCo]j p a cos <$
VI 2 Tr
vi 2-7r
3
CA eS 4
2. co2
Ix 27r.cos'+{
x 2r?' c os +
5
xi 2r
i
' C05' +
La][I] .. L
-~ [~Tiv1±u~ A p ja co s3
0-eos+
[a] Lir1 a. CoO
cA1
Cos4
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XII _27r o.4cos24 <I7V~'-I C
a Cos +
In addition to the above terms certain other quantities were
evaluated for reasons of completeness and comparison with other formul-
ations of the kinetic energy balance equation. They are:
the advection of kinetic energy across latitude walls,
XIII m A. cos "71
tj 2
the generation of kinetic energy through work done by the zonal compo-
nent of the Coriolis force associated with .vJ (the well-known fuiV
term),
XIV lTr a'Co 2 # (2-fS SIi )(i7 L
a Cos
and the generation of kinetic energy through work done by the zonal
component of the Coriolis force associated with [o ,
,cv 2T- 2co5'4 (21-L Cos [ ~cosQ_ Ca0s
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CHAPTER IV
PRESENTATION OF RESULTS
A. Internal horizontal processes
1. Evaluation of the integral of I:
_2T COS 1ZC. # r 3 -- ~
This integral represents the generation of kinetic energy of the
mean zonal flow by virtue of the meridional transport of the angular mo-
mentum arising from the earth's rotation, _l
Since term I arises only in the new, symmetrical energy equation,
it has of course not been evaluated before. By way of anticipation it
might be expected that this term would be difficult to measure accurately
since [v] is itself difficult to measure and when multiplied by a large
quantity such as Al a cos 4 , errors in [v) are compounded. The
same limitation applies in general to the other new terms in the equa-
tion, namely V and IX. Restricting our attention for r.ow to I, it is
evident from Table 1 that this term does indeed exhibit rather extreme
20
and erratic behavior, the hemispheric values ranging from +92.5xl0 ergs
-1 20 -l
sec in winter to -1,81x10 ergs sec in summer, therefore only a few
general statements can be made concerning this process.
a. Even though its magnitude is suspect the term almost certainly
is positive for the 60-month average and thus acts to increase the kinetic
energy of the mean westerlies. The angular momentum due to the earth's
rotation is transported up the gradient of angular velocity so that the
-30-
Table 1. 60-month and seasonal average values of the volume integral
20 -1
of I for various size polar caps. Units are 10 ergs sec .
90 N Lat.
to 60 month spring summer fall winter
88 0 0 0 0 0
86 0 0 0 0 0
84 0 0 0 0 0
82 0- 0 0 0 0
80 0 0 0 0 0
78 0 0 0.01 -0.01 -0.02
76 -0.01 0.01 0,02 -0.03 -0.06
74 -0,01 0.02 0.01 -0.04 -0.11
72 0 0.06 0 -0.04 -0.13
70 0.04 0.10 0.02 -0.03 -0.17
68 0.06 0.12 0.04 0.03 -0.23
66 0.09 0.12 0.03 0.11 -0.09
64 0.13 0.10 0.02 0.18 0.13
62 0.14 0.06 0.01 0.15 0.20
60 0.13 0.03 0.03 0.02 0.09
58 0.11 0.03 0.11 -0.14 -0.07
56 0.10 0.07 0,27 -0.18 -0.11
54 0.12 0.17 0.49 -0.14 -0.22
52 0.19 0.34 0.82 -0.11 -0.53
50 0.37 0.62 1.34 0 -0.77
48 0.85 1.08 2.09 0.33 -0.36
46 1.78 1.91 3.06 1.04 1.16
44 2.55 2.65 3.45 1.64 3.01
42 2,65 2.88 2.66 1.77 4.43
40 2.54 3.05 1.41 1.80 6.20
38 2.85 3.75 0.65 2.18 9.10
36 2.92 4.20 
-0.21 2.44 11.9
34 2.74 4.12 
-0.94 2.53 14.2
32, 2.56 3.80 -1,01 2,70 15.5
30 2.37 3.29 -0,93 3.17 15,7
28 2.33 2.74 -0.86 4.04 15.6
26 2.46 2.16 -0.97 5.51 15.8
24 2.85 1.58 -1.35 7.62 16.7
22 3.80 0.83 -1.26 10.9 20.2
20 5.05 0.45 -1.53 14.6 25.1
18 6.49 0.31 
-2.12 18.4 31.2
16 8.14 0.23 -2.95 22.5 38.8
14 9.94 0.25 
-4.00 26.4 47.8
12 11.9 0.50 -5.19 30.3 57.7
10 13.9 0.88 -6.67 34.0 68.0
8 15.6 1.07 -7.62 36.9 77,4
6 16.4 1.06 
-7.86 38.5 83.5
4 16.8 1.05 
-6.91 39.4 87.5
2 17.1 1.33 
-4.44 40.0 90.4
0 17.5 1.80 
-1.81 40.6 92.5
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process represented by I is in the mean a negative viscosity phenomenon.
b. Because of the coS3 q factor in term I the process can be
expected to be very important at low latitudes. This is seen to be the
case especially in fall and winter and in the 60-month average condition
as evidenced by the profiles of I in Fig. 1 (top row). For these time
periods the poleward branch of the Hadley cell acting against the gra-
dient south of the jet stream predominates. This is shown in Fig. 2
(top row) and in Fig. 8. In spring and summer the jet is farther north
and weaker and the Hadley cell is much weaker so that the low latitude
dominance is absent. In these seasons conditions appear to be such that
we are attempting to measure small differences between large quantities
so that the uncertainties in [v are more critical and even the sign
of the integral is in doubt.
c. Another consequence of the low latitude importance of this
process is the fact that upper air sounding stations are relatively
sparse in these latitudes making it impractical to select a subset of
stations to test for biased data as Walker (1969) was able to do for
higher latitudes.
2. Evaluation of the integral of II:
This integral represents the generation of kinetic energy of the
mean zonal flow by virtue of the meridional transport of the angular
momentum arising from the relative rotation, 1 U1 .
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Fig. 1. Profiles of the vertical intogral through the atriosphere
12 -1 -1
of terms I, II, III and IV in units of 10 ergs sec em -1 . The
SPRING season is represented by a dash-dot line, SUMMER by a
dotted line, FALL by a dashed line and WINTER by a solid line.
INTERNAL HORIZONTAL PROCESSES
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LAT ITUDE
Fig. 2. Meridional cross sections through the atmosphere representing the generation
zonal kinetic energy due to terms I, II, III, IV and the coriolis term XIV. Units are
106 cm2 sec'1.
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Involving as it does Lv] , term II is subject to many of the
same uncertainties as I. However since u I is roughly two orders of
magnitude smaller than Il a ccs + , small errors in [V1 are not
nearly as critical in the evaluation of II. Term II is common to both
the traditional form of the energy equation and to the symmetrical form
presented in Chapter II. It is not usually evaluated however since it
is assumed small.
Table 2 gives the value of the integral of II for various size
polar caps. The 60-month average value for the northern hemisphere is
20 -1
+0.21x10 ergs sec and thus contributes slightly to the generation
of kinetic energy through a counter-gradient transport of angular momen-
tum. Again as expected the process is dominated by the interaction
between the mean meridional motions and the mean jet, as shown in the
cross section of II in Fig. 8.
The 60-month and seasonal profiles of II are shown in the second
row of Fig. 1 and the seasonal cross sections in the second row of Fig.
2. In spring and summer the hemispheric values of the integral are
negative but negligibly small. This is a reflection not only of the
general deceleration of the mean winds in these seasons but also of
the more northerly position of the jet along with the less organized
Hadley cell. In fall, as the Hadley cell becomes reorganized and the
jet moves southward, the term becomes larger and positive, the main
contribution coming from the region south of the jet at about 22 N with
a secondary maximum at 46 N. In winter, the term reaches its maximum
20 -l
value, +3.10xlO ergs sec , and is by no means negligible. The
-35-
Table 2, 60-month and seasonal average values of the volume integral
of II for various size
20 -l
polar caps. Units are 10 ergs sec.
90*N Lat.
to
88
86
84
82
80
78
76
74
72
70
68
66
64
62
60
58
56
54
52
50
48
46
44
42
40
38
36
34
32
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0
60 month spring
0
0
.0
0
0
0
0
0
0
0
0
0
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.05
0.09
0.13
0.13
0.12
0.13
0.12
0.10
0.09
0.08
0.07
0.08
0.09
0.11
0.14
0.17
0..19
0.21
0.22
0.23
0.22
0.22
0.22
0.21
0.21
fall winter
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.01
0.01
0.02
0.04
0.07
0.11
0.16
0.17
0.17
0.19
0.20
0.18
0.14
0,11
0.07
0,03
-0.02
-0.06
-0.09
-0,10
-0.10
-0,10
-0.10
-0.09
-0.09
-0.09
-0.09
-0.10
-0.10
summer
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.01
0.01
0.03
0.04
0.07
0.11
0.15
0.16
0.09
0.02
-0002
-0.05
-0.06
-0.06
-0.05
-0.04
-0.03
-0.01
0
0
0.01
0002
0,03
0.05
0.07
0.07
0.07
0.05
0
-0.04
0
0
0
0
0
0
0
0
0
0
0
0.01
0.01
0
-0.01
-0.01
-0.02
-0.02
-0.02
-0.01
0
0.04
0.06
0.06
0.05
0-.06
0.07
0.07
0.08
0.12
0.18
0.26
0.36
0.48
0.59
0.68
0.76
0.81
0.83
0.85
0.85
0.85
0.84
0.83
0.83
0
0
0
0
0
0
0
-0.01
-0.01
-0,01
-0.02
-0.01
0
0
0
-0.01
-0001
-0.02
-0.03
-0.04
-0.02
0.07
0.19
0.29
0.41
0.61
0.81
0.97
1.04
1.03
1.01
1.03
1.13
1.39
1.70
2.05
2.38
2.68
2.90
3.05
3.12
3,13
3.12
3.11
3.10
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largest positive contribution again comes from the region near the tropo-
pause south of the jet, overcoming a sizeable negative area at a slightly
0 0lower level at about the same latitude (19 N-23 N). As mentioned earlier,
it is at these lower latitudes that the data are least numerous and at
which a systematic bias would be most difficult to detect and remove.
Using the data from Walker's subset of sounding stations, the hemispheric
20 -1
value of II for winter was found to be +2.72x10 ergs sec (see Starr,
Peixoto and Sims, 1970). The secondary maximum at about 37 N was sig-
nificantly reduced in magnitude by Walker's data as was, to a lesser
0
extent, the maximum at about 20 N. If the bias in the tropics could be
reduced even further, a smaller value for the integral would undoubtedly
result.
While term II is indeed small in the long run, and thus can logic-
ally be neglected, it would appear that doing so in a single season, such
as winter, would introduce a sizeable error. However, as discussed later,
this term is counteracted to a large extent by term VI, so that no real
error is introduced as long as both terms are included or neglected toge-
ther.
3. Evaluation of the integral of III:
2-r CO- Cos~4 [&7 , 3
This integral represents the generation of kinetic energy of the
mean zonal flow by virtue of the meridional transport of the angular mo-
mentum arising from the standing eddy motion, u
-37-
Term III is common to both forms of the energy equation and has
previously been evaluated from data. Since it has in fact been evalu-
ated from the same data using essentially the same techniques as the
present study, only a few comments will be made here, the reader being
referred to the literature for a more complete discussion.
Table 3 contains the values of the integral of III for various
sized polar caps. The 60-month average value for the hemisphere is
20 -1
+0.35x10 ergs sec . Since what appears to be a standing eddy in the
time frame of a season may become a transient eddy when averaged over
60 months, the 60-month average values are smaller than the mean for
the seasons. The 60-month and seasonal profiles of III are shown in
the third row of Fig, 1, the seasonal cross sections are in the third
row of Fig. 2 and the 60-month cross section is in Fig. 8.
As would be expected the process is dominated by the strong winds
associated with the jet. In all time periods the term is positive and
thus acts in a sense opposite to classical turbulence. This action is
strongest in fall, presumably associated with an overall acceleration
of the general circulation during this season. In spring, the genera-
tion of zonal kinetic energy by the standing eddies is smallest, reflec-
ting a deceleration of the circulation. As is so often the case, the
intense circulations of winter provide the most extreme local values for
this process. The profile of III for winter indicates that the total
integral represents a small difference between a large negative area
north of 32 N and a larger positive area between 14 N and 32 N. In
such instances, the magnitude of the quantity in question is somewhat
-38-
Table 3. 60-month and seasonal average values of the volum$0 integral
of III for various siza polar caps. Units are 10 ergs sec
900 N Lat.
to 60 month spring summer fall winter
88 0 0 0 0 0
86 .0 0 0 0 0
84 0 0 0 0 0
82 0 0 0 0 0
80 0 0 0 0 0
78 0 0 0 0 0
76 0 0 0 0 0
74 0 0 0 0 -0.01
72 0 0 0 -0.01 -0.03
70 -0,01 0 0 -0.01 -0.06
68 -0.02 -0.01 0 -0.03 -0.12
66 -0.02 -0.01 -0.01 -0,03 -0.17
64 -0.03 -0.01 -0.01 -o 03 -0.23
62 -0.03 -0.02 -0.01 -0.02 -0.29
60 -0.03 -0.02 0 -0.01 -0.35
58 -0.02 -0.01 0 0 -0.40
56 -0.01 0.01 0 0 -0.40
54 -0.01 0.02 0 -0.02 -0.39
52 -0.02 0.03 -0.01 -0.07 -0.37
50 -0.04 0.03 -0.01 -0.14 -0.35
48 -0.05 0.05 -0.01 -0.18 -0.36
46 -0.06 0.06 0 -0.22 -0.41
44 -0.07 0.07 0 -0.26 -0.51
42 -0.07 0.08 0 -0.23 -0.62
40 -0.06 0.07 -0.02 -0.18 -0.75
38 -0.06 0.08 -0.01 -0.20 -0.93
36 -0.05 0.09 0.02 -0.18 -1.10
34 -0.02 0.11 0.12 -0.08 -1.27
32 0.04 0.14 0.28 0.10 -1.36
30 0.12 0.18 0.46 0.39 -1.28
28 0.21 0.22 0.63 0.71 -1.01
26 0.29 0.27 0.77 1.04 -0.60
24 0.36 0.32 0.89 1.35 -0.11
22 0.41 0.36 0.96 1.64 0.49
20 0.43 0.39 1.01 1.83 0.94
18 0.44 0.40 1.05 1.94 1.22
16 0.42 0.41 1.08 2.01 1.38
14 0.40 0.42 1.10 2.03 1.44
12 0.38 0.43 1.11 2.04 1.44
10 0.37 0.44 1.13 2.03 1.38
8 0.35 0.45 1.13 2.03 1.30
6 0.35 0.45 1.12 2.02 1.25
4 0.35 0.45 1.10 2.03 1.23
2 0.35 0.45 1.07 2.04 1.22
0 0.35 0.44 1.05 2.04 1.21
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uncertain and even the sign may be wrong. Indeed Walker (1969) obtained
a small negative value for this term in winter. Considering that we have
talken winter to be January, February and March and that the general cir-
cuLation is probable already beginning to slow down during this period,
a value smaller than that obtained herein would seem more nearly correct.
4. Evaluation of the integral of IV:
2-w c~ OS2 L;-1
This integral represents the generation of kinetic energy of the
mean zonal flow by virtue of the meridional transport of the angular
momentum arising from the transient eddy motion, u'.
Like term III, this term is common to both the traditional and
the new symmetric forms of the kinetic energy equation. Because of its
importance in providing kinetic energy for the zonal wind systems, the
transient eddy generation process has been much discussed in the liter-
ature, as noted in Chapter I. Recent efforts to evaluate the transient
as well as the standing eddy effects, using essentially the same scheme
employed in the present study are reported in Starr (1968), Walker
(1969), and Starr, Peixoto and Sims (1970). For zhis reason, only a
general outline of the results need be included here.
Values of the integral for various size polar caps are given in
Table 4. the vertical profiles of IV are plotted in Fig, 1 (bottom row)
and meridional cross sections are, by seasons, in Fig. 2 and, for the
60-month average condition, in Fig. 8. The 60-month average integral
-40-
Table 4. 60-month seasonal average values of the volume i egral -l
of IV for various size polar caps. Units are 10 ergs sec
90 N Lat.
to 60 month spring summer fall winter
88 '0 0 0 ) 0
86 0 0 0 0 0
84 0 0 0 0
82 0 0 0 0 0
80 0 0 0 0 0
78 0 0 0 0 0
76 0 0 0 -0.01 0
74 0 0 0 -0.01 -0.01
72 -0.01 0 0 -0.02 -0.01
70 -0.02 -0.01 -0.01 -0.03 -0.03
68 -0.04 -0.01 -0.02 -0.05 -0.04
66 -0.05 -0.02 -0.02 -0.05 -0.04
64 -0.06 -0.03 -0.03 -0.05 -0.03
62 -0.06 -0.04 -0.02 -0.04 -0.02
60 -0.06 -0.04 -0.01 -0.01 0
58 -0.04 -0.02 0 0,05 0.02
56 -0.02 0 0.01 0.11 0.03
54 0 0.02 0.01 0.16 0.03
52 0 0.02 -0.02 0.18 0.01
50 -0.03 0 -0.08 0.18 -0.04
48 -0.08 -0.04 -0.16 0.15 -0.13
46 -0.16 -0.10 -0.21 0.10 -0.31
44 -0.26 -0.18 -0.17 0.05 -0.54
42 -0.25 -0.20 0.14 0.08 -0.76
40 -0.16 -0.17 0.69 0.17 -1.05
38 -0.14 -0.23 1.16 0.18 -1.54
36 -0.03 -0.20 1.71 0.27 -2.01
34 0.26 0 2.40 0.49 -2.46
32 0.70 0.36 3.02 0.88 -2.67
30 1.32 0.89 3.53 1.45 -2.48
28 2.03 1.50 3.90 2.14 -1.95
26 2.76 2.15 4.16 2.89 -1.18
24 3.47 2.78 4.33 3.64 -0.27
22 4.24 3.45 4,44 4.45 0.89
20 4.93 4.01 4.52 5.16 1.98
18 5.50 4.46 4.57 5.73 2.88
16 5.98 4.82 4.62 6.18 3.60
14 6.36 5.09 4.65 6.50 4.14
12 6.64 5.30 4.67 6.73 4.50
10 6.84 5.44 4.69 6.88 4.72
8 6.98 5.55 4.71 6.97 4.83
6 7.04. 5.59 4.71 7.00 4.86
4 7.05 5.60 4.70 7.00 4.86
2 7.03 5.59 4.67 6.99 4.86
0 7.03 5.60 4.64 6.98 4.86
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20 -1for the northern hesmisphere is +7.03x10 ergs sec which, as would
be expected, is larger than the individual seasonal values. Once again
the negative viscosity effect predominates so that on the average the
eddies supply energy to the mean flow. The cross sections illustrate
clearly this fact, showing that large amounts of energy are being
generated south of the mean jet position while smaller amounts are being
abstracted to the north. The net effect is greatest in fall and least
in summer. Again the extreme local values are found in winter. From
the appearance of the profile it might be expected that the term is
difficult to measure accurately in this season. That there is indeed
some uncertainty is verified by Walker's data which yields for term IV
for winter a value of +5.64x102 0 ergs sec 1 (as opposed to +4.86x102 0
ergs sec 1 with the full compliment of stations), a greater difference
than found in the other seasons. Because of the intense circulations
and frequent bad weather in winter it is not really surprising that
studies based on observations are more uncertain concerning this period.
In any event term IV is undoubtedly positive for all time periods con-
sidered,
The significance of some of the features noted above as well as
of other characteristics of the internal horizontal processes will be
discussed further in Chapter V.
B. Internal vertical processes
1. Evaluation of the integral of V:
-42-
2 Cos+(S CCos) CO a _os
This integral represents the generation o! kinetic energy of
the mean zonal flow by virtue of the vertical transport of the angular
momentum arising from the rotation of the earth, AL.
Term V is unique to the present system and has thus not previous-
ly been evaluated. Since, as explained in Chapter III, [c~>] is
related to . 7 thrcugh continuity, the uncertainties already mentioned
about the latter apply also to [i3] . For this reason the discussion
of term V must be, as in term I, limited.
Table 5 contains the values of the integral of V for various
size polar caps. Vertical integral profiles of the term are found in
Fig. 3 and meridional cross sections in Figs. 4 and 8. The integral
20 -1for the hemisphere amounts to -23.6xlO0 ergs sec for the 60-month
mean. Thus the kinetic energy of the mean zonal flow is on the average
decreased by this process. Put another way, that component of the at-
mosphere's angular momentum due to the earth's rotation is generally
transported down the vertical gradient of the atmosphere's angular
rotation. Although the absolute value of the term is subject to ques-
tion the sign is almost certainly negative for all time periods con-
sidered. As-an indication of the sensitivity of this calculation to
, Walker's stations give the following seasonal hemispheric
values. Spring, -12.2; summer, -14.4; fall -29.8 and winter, -78.9 -
each roughly one fifth smaller than those given in the bottom row of
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Table 5. 60-montn and seasonal average values of the volume integral
20 -l
of V for various size polar caps. Units are 10 ergs sec
900N Lat.
to 60 month spring summer fall winter
88 0 0 0 0 0
86 0 0 0 0 0
84 0 0 0.01 -0.01 -0.01
82 -0.01 -0.01 0.02 -0.02 -0.01
80 -0.02 -0.02 0.03 -0.05 -0.02
78 -0.06 -0.d4 0.06 -0.11 -0.07
76 -0.13 -0.10 0.06 -0.21 -0.12
74 -0.20 -0.18 -0.03 -0.33 -0.09
72 -0.25 -0.26 -0.22 -0.47 0.09
70 -0.26 -0.23 -0.4.0 -0.59 0.11
68 -0.25 0.06 -0.47 -0.67 -0.33
66 -0.24 0.46 -0.44 -0.74 -0.92
64 -0.16 0.78 -0.13 -0.66 -1.12
62 0.02 1.02 0.50 -0.42 -0.99
60 0.35 1.30 1.14 0.09 -0.69
58 0.96 1.67 1.56 1.19 -0.11
56 1.71 2.17 1.93 2.65 0.55
54 2.41 2.82 2.67 3.83 0.94
52 3.50 4.09 4.16 5.07 1.64
50 6.35 7.03 7.23 8.04 4.94
48 10,5 10.9 11.0 12.3 11.2
46 12.0 11.9 11.3 .13.9 16.0
44 9.18 8.74 7.08 11.1 16.8
42 6.17 5.93 2.07 7.54 16.3
40 5.26 6.23 -1.30 4.95 17.3
38 4.79 7.49 -3.67 2.70 19.1
36 2.50 5.69 -6.14 -1.37 17.3
34 -1.56 0.67 -8.58 -7.56 10.3
32 -5.42 -3.77 -9.82 -13.3 -0.62
30 -8.14 -5.93 -10.1 -17.2 -13.4
28 -10.2 -6.35 -10.1 -20.9 -25.8
26 -11.8 -5.94 -10.1 -24.3 -36.7
24 -13.8 -6.20 -10.0 -27.1 -47.5
22 -15.6 -7.70 -9.74 -30.3 -58.6
20 -17.2 -9.49 -10.2 -33.9 -70.5
18 -18.4 -10.8 -11.0 -36.2 -80.5
16 -19.4 -11.8 -11.7 -37.3 -87.7
14 -20.5 -13.0 -12.0 -38.5 -93.5
12 -21.5 -14.2 -12.0 -40.4 -98.3
10 -22.0 - -14.6 -12.8 -40.9 -101
8 -22.2 -14.6 -14.2 -40.8 -100
6 -22.7 -14.8 -15.9 -40.9 -99.9
4 -23.3 -15.2 -17.1 -41.0 -100
2 -23.5 -15.4 -16.5 -40.4 -99.3
0 -23.6 -15.3 -15.7 -39.4 -97.9
-44-
INTERNAL VERTICAL PROCESSES
60 MONTH SEASONS
LATITUDE
Fig. 3. Profiles of the vertical integral through the atmos-
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of Table 5.
4 Since V (as well as the other internal vertical terms) contains
a vertical gradient of the angular velocity, and since this gradient
reverses near the tropopause, the cross sections indicate a sign change
at this level as they should.
Even though the cross sections exhibit a cellular structure,
they do not necessarily reflect the simple three cell pattern one might
expect. The winter season, which is as usual the most active, most
nearly resembles a three cell pattern as shown in both the cross section
and to an extent in the profile. Another marked feature of the cross
sections for both winter and fall is the intensity with which energy
is extracted from the upper troposphere south of the jet and added in
the lower stratosphere south of the jet. The significance of this
feature will be discussed later.
2. Evaluation of the integral of VI:
a Ceosb
This integral represents the generation of kinetic energy of
the mean zonal flow by virtue of the vertical transport of the angular
momentum arising from the relative rotation, [u
Even though term VI occurs in the complete kinetic energy equa-
tion formulated in the more traditional way, it is not usually evaluated
due to difficulties with [o) . This term however is of course not
-47-
as sensitive to errors in co as V.
Values of the integral of VI for various size polar caps are
given in Table 6. The 60-month average and seasonal profiles are shown
in the second row of Fig. 3 and the meridional cross sections are given
in Fig. 4 (seasonal) and Fig. 8. The 60-month northern hemispheric
20 -1l
value of the integral is -0.36x10 ergs sec . The seasonal values
are also negative, thus term VI' acts on the average to decrease the
kinetic energy of the mean zonal winds through a down-gradient flow of
angular momentum. Walker's data also gives negative values for all
seasons (see Starr, Peixoto and Sims, 1970).
The term is dominated by the region of general subsidence asso-
ciated with the sub-tropical high pressure belt in the troposphere with
the positive contributions coming from the lower stratosphere in this
belt and from the upward branch of the mid-latitude indirect cell. As
would be expected, the process is most active in winter, reaching a
20 -1 20
value of -3.23x10 ergs sec . Walker's data yields -2.72xl0 ergs
sec~ for this season, again by no means negligible. However, as
pointed out earlier, term VI is nearly balanced by term II, at least
in the time periods in which they are significant. Otherwise VI is so
small that even its sign is not certain.
3. Evaluation of the integral of VII:
cosl + ') + F
-48-
Table 6. 60-month and seasonal average values of the volume
of VI for various size polar caps. Units are 10 20
90 0N Lat.
to
88
86
84
82
80
78
76
74
72
70
68
66
64
62
60
58
56
54
52
50
48
46
44
42
40
38
36
34
32
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0
, 60 month spring
0
0
0
0
0
0
0
-0,01
-0.01
-0,01
-0.01
-0.01
-0.01
0
0
0.01
0.03
0.05
0.08
0.16
0.28
0.33
0.25
0.16
0.13
0.11
0.05
-0.06
-0.16
-0.21
-0.25
-0.28
-0.31
-0.34
-0.36
-0.37
-0.37
-0.37
-0.37
-0.37
-0.36
-0.36
-0.36
-0.36
-0.36
0
0
0
0
0
0
0
0
-0.01
-0.01
0
0.01
0.01
0002
0.02
0.03
0.04
0.05
0.08
0.15
0.26
0.29
0.21
0.13
0.14
0.18
0.13
-0.02
-0.13
-0.17
-0.17
-0.15
-0.16
-0.18
-0.21
-0.22
-0.22
-0.22
-0.22
-0.22
-0.22
-0.22
-0.21
-0.21
-0.21
summer
0
0
0
0
0
0
0
0
-0.01
-G.01
-0.01
-0.01
-0.01
0.01
0.02
0.03
0.03
0.05
0.10
0.19
0.31
0.34
0.21
0.07
-0.02
-0,07
-0,12
-0.16
-0.17
-0.17
-0.17
-0.17
-0.17
-0.17
-0.17
-0.16
-0.15
-0.15
-0.16
-0.15
-0.14
-0.12
-0.11
-0.12
-0.12
fall
0
0
0
0
0
-0.01
-0.01
-0.01
-0.02
-0.02
-0.02
-0.02
-0.01
0
0.02
0.06
0.10
0.13
0.24
0.40
0.46
0.37
0.25
0.16
0.09
-0.04
-0.2.4
-0.40
-0.48
-0.55
-0.62
-0.68
-0.74
-0.79
-0.81
-0.82
-0.82
-0.82
-0.82
-0.81
-0.81
-0.81
-0,81
-0.81
integral
-1
ergs sec
winter
0
0
0
0
0
0
0
0
0
0
-0.01
-0.03
-0.04
-0.03
-0.03
-0.02
0
0.01
0.02
0.10
0.28
0.44
0.48
0.47
0.51
0.58
0.51
0.21
-0.28
-0.84
-1.37
-1.81
-2.20
-2.54
-2,84
-3.03
-3.13
-3,19
-3.22
-3.23
-3.22
-3.22
-3.22
-3.22
-3.23
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This integral represents the generation of kinetic energy of the
mean zonal flow by virtue of the vertical transport, by eddies of all
sizes, of the angular momentum arising from the horizontal eddy motions.
While the process represented by VII is contained in the more
traditional energy equation, the form in which it is evaluated is unique.
The derivation of VII was explained in Chapter III, so that nothing
more need be added in that respect here. However it should be pointed
out that even though the troublesome quantity (M does not appear
directly in VII, the evaluation of VII from data does involve both
Cv] and [A , and thus the results are influenced to an extent by
the accuracy of these quantities. For this reason, the absolute values
of VII may not be too precise but they do not appear unreasonable and
the general nature of the process is entirely realistic when considered
either by itself or in relation to the other terms in the energy equa-
tion.
Since VII represents the actions of eddies ranging in size from
synoptic scale down to the molecular, it might be worthwhile to consider
at this point the significance attached to the signs of the quantities
to be presented. Eddies of the molecular scale act on the average to
destroy the kinetic energy of the mean motions. Eddies of synoptic
scale, on the other hand, may act to either destroy or replenish the
kinetic energy of the mean flow, the latter being the case generally in
regards to the horizontal eddies. Therefore, if on the average term VII
is positive, the large scale eddies, acting through a negative viscosity
effect, overcome the destructive nature of the smaller scales to provide
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a net generation of kinetic energy. If the term is negative, however,
nothing so certain can be said. In this case either the smaller scale
"friction" predominates over the positive action of the large eddies
or the large eddies are themselves acting in the manner of classical
turbulence. Unfortunately, this study cannot really distinguish
between the two alternatives although the temporal and spacial varia-
tions in the magnitude of the process provides some clues. For addi-
tional remarks concerning the frictional destruction of kinetic energy
in the atmosphere, see Kung (1969) and Kung and Soong (1969). For
pioneering work regarding estimates from data of the vertical eddy
processes, see Gilman (1964, 1965).
Table 7 contains the computed values of the integral for various
size polar caps. The values for the hemisphere range from large posi-
tive in spring to large negative in fall. Thus the process appears to
have a moderating influence on both the spring slow down and the fall
intensification of the general circulation, From the appearance of
the profiles of VII in Fig. 3 there should be little doubt that the
signs are proper for these two seasons, In winter, and to a lesser
extent in summer, the sign is less certain since the term represents
in these seasons small differences between large quantities. This is
the case also -for the 60-month average condition.
It is obvious from the profiles that there are two separate
latitude belts, centered at about 25 N and 48 N in which there is
generally a net upward transport of momentum into the westerly jet.
In light of what was said earlier concerning the sign of term VII,
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Table 7. 60-month and seasonal average values of the volume integral
20 -l
of VII for various size polar caps. Units are 10 ergs sec
90 N Lat.
to 60 month spring summer fall winter
88 0 0 0 0 -0.02
86 0 0.01 0.01 0 -0.05
84 0 0.02 0.02 0.01 -0.09
82 0 0.04 0.05 0.01 -0.11
80 0.01 0.05 0.09 -0.01 -0.13
78 0 0.04 0.14 -0.06 -0.10
76 0 0.03 0.22 -0.15 -0.04
74 -0.01 0.03 0.29 -0.26 0,07
72 -0.01 0.03 0.35 -0.40 0.23
70 -0.03 0.07 0.40 -0.57 0.31
68 -0.08 0.16 0.42 -0.80 0.16
66 -0.15 0.30 0.44 -1.06 -0.08
64 -0.20 0.49 0.49 -1.30 -0.27
62 -0.21 0.72 0.58 -1.54 -0.44
60 -0.25 0.93 0.72 -1.81 -0.67
58 -0.35 1.11 0.87 -2.16 -1.08
56 -0.52 1.24 1.01 -2.63 -1.55
54 -0,74 1.33 1.09 -3.22 -2.09
52 -0.97 1.46 1.14 -3.85 -2.67
50 -0.93 1.88 1.36 -4.15 -2.99
48 -0.65 2.58 1.82 -4.12 -3.04
46 -0.49 3.20 2.33 -4.45 -3.03
44 -0.51 3.66 2.82 -5.21 -2.88
42 -0.51 4.04 3.27 -5.85 -2.57
40 -0,51 4.28 3.59 -6.22 -2.26
38 -0.60 4.45 3.82 -6.76 -2.08
36 -0.92 4.46 3.91 -7.84 -2.12
34 -1.49 4.28 3.88 -9.30 -2.54
32 -1.99 4.21 3.85 -10.5 -3.17
30 -2.21 4.42 3.83 -11.0 -3.69
28 -2.12 4.85 3.81 -11.1 -3.56
26 -1.81 5.42 3.77 -10,9 -2.86
24 -1.45 6.04 3.71 -10.6 -2.03
22 -1.14 6.60 3.59 -10.4 -1.03
20 -0491 7.02 3.49 -10.4 -0.41
18 -0.74 7.35 3.36 -10.4 -0.01
16 -0.63 7.59 3.20 -10.4 0.27
14 -0.60 7.73 3.01 -10.5 0.39
12 -0.62 7.79 2.84 -10.6 0.41
10 -0.66 7.81 2.69 -10.7 0.38
8 -0.73 7.78 2.53 -10.8 0.30
6 -0.81 7.74 2.38 -10.9 0.21
4 -0.87 7.70 2.27 -11.0 0.12
2 -0.93 7.66 2.14 -11.1 0.06
0 -0.97 7.63 2.02 -11.1 0.03
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this transport can only be accomplished by the large scale vertical
eddies. The action is most pronounced in spring and least in fall in
accordance with the moderating influence mentioned above. As might be
anticipated the summer maximum in low latitudes is absent due to the
associated weak circulation. The large summer maximum at 46 is prob-
ably somewhat inflated. The significance of these two latitudes to
this process requires further study.
The cross sections of term VII for the seasons and the 60-month
period are shown in Figs. 4 and 8, respectively. From these, along with
the cross sections of Iil/1?COS also shown in Fig. 8, one can
deduce that generally there is an upward transport of the angular momen-
tum associated with VII in low latitudes, a downward transport in mid
latitudes and a weak upward trans-port at high latitudes. This feature
is in remarkable agreement with the 9-level model of Smagorinsky, et. al.,
(1965). The principal exception occurs in the region centered at roughly
45 N in which there is an area of upward transport not obtained by the
model. It is suspected that this difference is due to condensation pro-
cesses in the cyclone belt which were not included in the model formula-
tion. As should be expected, the change-over from upward to downward
0 0
transport and vice-versa at the surface occurs at about 30 N and 60 N,
respectively. This is in agreement with the fact that surface westerlies
impart a torque to the underlying earth whereas in zones of surface east-
erlies, the earth imparts a torque to the atmosphere above.
In fall and winter the process represented by term VII is seen to
be extracting energy from the jet stream, representing a strong downward
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flux of angular momentum. This action is present to a lesser extent
in fall than in winter and the reverse occurs in summer when the
kinetic energy in the vicinity of the jet is being increased due to
an upward transport of momentum by the large scale vertical eddies.
The cross sections for fall and winter suggest maxima of destruction
near the tropopause and at the surface which is in agreement with the
recent findings of Kung (1969).
C. Vertical boundary processes
1. Evaluation at latitude of the integral of IX:
I Ck C 0oS 4PI
This integral represents the transport of kinetic energy of the
mean zonal flow through work done by the stress component associated
with the rotation of the earth, A.- , acting across the vertical sur-
face at 4,.
Term IX is unique to the present formulation of the energy equa-
tion, there being no boundary terms involving at in the traditional
scheme. Due to the comparatively large magnitude of ..- a cos <
the term might be expected to be large and sensitive to any errors in
[VI , similar to terms I and V.
Table 8 contains the values of the vertical integral of IX for
every two degrees of latitude, and the meridional profiles of this
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60-month and seasonal average values of the transport due
to IX across various latitude walls.
20 -l
Units are 10 ergs sec .
Lat. ( N)
88
86
84
82
80
78
76
74
72
70
68
66
64
62
60
58
56
54
52
50
48
46
44
42
40
38
36
34
32
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0
60 month
0
0
0.01
0.02
0.05
0.13
0.26
0.42
0.55
0.64
0.74
0.83
0.84
0.75
0.50
-0.09
-0.89
-1.76
-3.23
-6.84
-12.3
-15.5
-14.4
-12.5
-12.2
-12.8
-11.1
-7.26
-3.49
-0.59
1.47
3.21
4.91
6.08
6.82
6.87
6.37
5.80
5.03
3,87
2.43
1.96
2.11
1.92
1.54
spring
0
0
0
0.01
0.03
0.06
0.15
0.27
0.39
0.39
0.12
-0.30
-0.67
-0.99
-1.40
-1.98
-2.79
-3.90
-5.87
-9.91
-15.4
-18.2
-16.9
-15.5
-17.0
-20.1
-19.6
-15.3
-11.1
-8.87
-8.82
-8.39
-7.85
-5.77
-3.50
-2.00
-0.84
0.38
1.42
1.76
1.55
1.68
2.07
1.94
1.40
summer
0
-0.01
-0.02
-0.05
-0.09
-0.17
-0.24
-0.19
-0.02
0,16
0,25
0.27
-0.03
-0.73
-1.52
-2.25
-3.11
-4.47
-6.97
-11.5
-17.2
-19.7
-17.0
-12.3
-8.12
-5.22
-2.14
1.13
2.74
3.16
3.25
3.60
4.01
3.82
4.56
5.98
7.61
8.98
10.3
12.7
15.1
16.9
17.3
14.4
10.6
Table 8.
fall winter
0
0.01
0.03
0.07
0.14
0.29
0.51
0.81
1.15
1,49
1.84
2.13
2.31
2.39
2.28
1.54
0.25
-0.97
-2.53
-6.07
-11.4
-14.3
-13.1
-10.5
-8.46
-7.04
-3.41
2.76
8.46
12.6
15.9
18.7
20.1
29.7
21.5
20.8
18.4
16.0
14.0
11.6
8.66
6.97
6.19
4.89
3.29
0
0.01
0.02
0.02
0.03
0.15
0.27
0.36
0.27
0.36
1.02
1.66
1.91
1.92
1.98
1.83
1.31
1.18
0.80
-2.62
-9.91
-16.9
-20.7
-23.1
-27.5
-34.0
-36.5
-33.1
-24.7
-12.5
-0.29
11.4
21.8
30.2
38.8
44.1
44.9
42.9
38.8
32.1
22.8
16.0
12.3
8.66
4.99
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integral are plotted in Fig, 5. For the long term average there is a
net northward transport in low latitudes, a net southward transport in
middle latitudes and negligible transports at high latitudes. This
general pattern holds also for the seasons. However, in spring the
northward transport at low latitudes is, for the vertical average,
quite small.
To aid in studying the vertical distribution of the transport
by term IX (as well as the other vertical boundary terms) there are
depicted in Fig. 6 meridional cross sections through the atmosphere
showing by seasons the horizontal transport of kinetic energy across
any given latitude wall. The corresponding 60-month conditions are
shown in Fig. 8. As should perhaps be expected, the process is general-
ly most effective near the ground and near the tropopause. It is at
these levels, of course, that the mean meridional circulations are
strongest. It might al'so be noted that the weak net northward trans-
port at low latitudes in spring results from a compensation between
a northward transport in the tropical stratosphere and a low level
southward transport. Improved observations in the tropics might alter
this effect significantly. The large transport in the tropical strato-
sphere in summer may also be effected by sparse data.
Another region in which high level transports are consistently
0 0
opposed by transports nearer the surface is between 40 N and 50 N,
especially in fall. As an indication of the sensitivity of this type
of action to the data used, use of Walker's stations results in a value
o 20 -1
for IX across 44 N of -6.8x10 ergs sec as opposed to a value obtained
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VERTICAL BOUNDARY PROCESSES
60 MONTH SEASONS
0
LATITUDE
Fig. 5, Profiles of terms IX, X, XI and XII in units of 1 2
orgs sec . The SPRING season is represented by a Aash-cot
line, SUmER by a dotted line, FALL by a dasheJ line and WINTER
by a solid line.
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20 -lfrom the full 799 stations of -13.lxlO0 ergs sec .
Because of the importance of this transport term at low levels,
it might be anticipated that mountains and other high terrain would
have a considerable influence on the nature of the results. There is
a need for more study of this point.
2. Evaluation at latitude *, of the integral of X:
a Cos 4
This integral represents the transport of kinetic energy of the
mean zonal flow through work done by the stress component associated
with the relative rotation, Cul , acting across the vertical surface
at 45 .
This integral occurs also in the traditional form of the energy
equation but is usually neglected in hemispheric energy studies. That
this assumption is valid is readily apparent upon examination of the
profiles of the vertical integral of X in Fig. 5 and the tabulated
values in Table 9. (Note that the vertical scale for term IX in Fig. 5
is an order of magnitude larger than that for the other terms pictured
therein.)
Because X is very similar in form to term IX, much of what was
said concerning the distribution of the latter applies here also.
Other than being much smaller in magnitude, X differs from IX in the
2
following important respects. The presence of [iii in X increases
the relative importance of the process in the higher levels of the at-
-59-
Table 9. 60-month and seasonal average values
to X across various latitude walls.
Lat. ( N)
88
86
84
82
80
78
76
74
72
70
68
66
64
62
60
58
56
54
52
50
48
46
44
42
40
38
36
34
32
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0
60 month
0
0
0
0
0
0.01
0.01
0.02
0.03
0.03
0.04
0.04
0.04
0.04
0.04
0.01
-0.02
-0.06
-0.14
-0.36
-0.72
-0.95
-0.92
-0.79
-0.75
-0.78
-0.68
-0.44
-0.23
-0.10
-0.02
0.04
0,08
0.10
0.09
0.06
0.03
0
-0.03
-0.04
-0,04
-0.04
-0.04
-0.03
-0.02
spring
0
0
0
0
0
0
0.01
0.01
0.02
0.02
0.01
0
-0.02
-0.03
-0.04
-0.06
-0.10
-0.15
-0.26
-0.48
-0.81
-1.02
-0.99
-0.92
-1.02
-1.22
-1.18
-0.88
-0.62
-0.48
-0.42
-0.39
-0.31
-0.18
-0.08
-0.02
0
0
-0.01
-0.02
-0.03
-0.04
-0.04
-0.04
-0.02
summer
0
0
0
0
-0.01
-0.01
-0.01
-0.01
0
0.01
0.02
0.02
0.01
-0.02
-0.05
-0.08
-0.13
-0.21
-0.37
-0.67
-1.07
-1.27
-1.12
-0.78
-0.48
-0.31
-0.18
-0.07
-0.03
-0.05
-0.07
-0.11
-0.15
-0.15
-0.17
-0.21
-0.25
-0.28
-0.29
-0.35
-0.38
-0.41
-0.39
-0.30
-0.19
of the transport due
20 -1Units are 10 ergs sec.
fall winter
0
0
0
0
0.01
0.01
0.02
0.04
0.05
0.07
0.08
0.09
0,11
0.12
0.12
0.10
0.04
-0.02
-0.12
-0.37
-0.78
-1.02
-0.95
-0.75
-0.59
-0.51
-0.27
0.12
0.42
0.55
0.60
0.62
0.57
0.48
0.38
0.26
0.14
0.05
-0.02
-0.05
-0.06
-0.06
-0.05
-0.03
-0.02
0
0
0
-0.01
-0.01
-0,01
-0.01
0
0
0
0.05
0.08
0.09
0.09
0.09
0.10
0.08
0.08
0.07
-0.10
-0.55
-1.07
-1.45
-1.74
-2.19
-2.90
-3..27
-3.09
-2.38
-1.23
-0.13
0.81
1.46
1.69
1.76
1,58
1.16
0.74
0.37
0.11
-0.04
-0.09
-0.08
-0.06
-0.03
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mosphere and the fact that tAe cosine function appears to only the
first power in X decreases the relative importance of the term in low
latitudes. The only appreciable transports in the 60-month mean thus
occur near the tropopause between 30 N and 45 N, as depicted in both
the profile and in the cross section, Fig. 8. The net transports for
this region and time period are southward. Only in summer is there a
significant transport by term X across the equator, reflecting no doubt
the impingement of the southern hemisphere Hadley cell into the north-
ern hemisphere.
Significant northward transports occur only in fall and winter,
between 13 N and 35 N and between 9 N and 27 N respectively. As pointed
out earlier, the process is most significant near the jet stream levels
so that there is little tendency for cancelation between high and low
level values at any given latitude. The net transport across a latitude
wall, being nearly free from this effect, is measured fairly accurately.
Computations based on Walker's data do not differ markedly from the
values given in Table 9.
3. Evaluation at latitude #, of the integral of XI:
2"IrC. -. C0 5,, 41[7Acal4~
a Cos tI
This integral represents the transport of kinetic energy of the
mean zonal flow through work done by the stress component associated
with the standing eddy motions, u , acting across the vertical surface
at
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Term XI arises in all more complete formulations of the zonal
kinetic energy equation, but has not previously been studied in much
detail. This is presumably because most investigators concern them-
selves with the study of one fixed volume and are therefore only con-
cerned with effects on the fixed boundaries of that volume. In the
present study, however, the results are presented in such a fashion
that the boundary effects can be examined at any latitude in the north-
ern hemisphere.
In the case of the standing eddy boundary transport term, it is
observed that the effect is negligible at the equator but is significant
in middle latitudes. The vertical integral of term XI is presented
pictorially in Fig. 5 and in tabular form in Table 10. The process can
be examined in the vertical by 'reference to the seasonal cross sections
in Fig. 6 and the 60-month mean cross section in Fig. 8. In general,
the term is characterized by negligible transports in the tropics, net
northward transports in middle latitudes and small southward transports
at high latitudes. It thus acts roughly opposite to terms IX and X.
As should be expected, the action is dominated by the level and latitude
of the jet.
One of the most significant features of the standing eddy bound-
ary transport term is the extent to which it nearly vanishes in spring
and summer. This is not too surprising when one considers that probably
the most important single cause for the persistence of standing waves
in the atmosphere is the temperature contrast between continents and
oceans. This contrast is, of course, smallest in the summer half-year.
-62-
Table 10. 60-month and seasonal average values of tne transport due
to XI across various latitude walls,
20 -l
Units are 10 ergs sec
Lat. ( N)
88
86
84
82
80
78
76
74
72
70
68
66
64
62
60
58
56
54
52
50
48
46
44.
42
40
38
36
34
32
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0
60 month spring
0
0
0
0
-0.01
-0.01
-0.03
-0.05
-2.09
-0.13
-0.18
-0.23
-0.27
-0.029
-0.28
-0.22
-0.10
0.08
0.27
0.32
0.29
0.35
0.46
0.48
0.49
0.58
0,71
0.86
0.91
0.83
0.70
0.52
0.33
0.15
0.04
-0.02,
-0.03
-0.02
0
0.01
0.03
0.04
0.04
0.03
0.03
f all winter
0
0
0
0
0
-0.01
-0.02
-0.04
-0.05
-0.08
-0.13
-0.20
-0.24
-0.28
-0.30
-0.29
-0.25
-0.17
-0.10
-0.12
-0.20
-0.19
-0.15
-0.14
-0.10
0.03
0.21
0.41
0.49
0.45
0.37
0.30
0.21
0.12
0.06
0.03
0.01
0
-0.02
-0.03
-0.03
-0.03
-0.03
-0.02
-0.01
summer
0
0
0
0
0
0
0
0
-0.01
-0.03
-0.04
-0.05
-0.06
-0.05
-0.03
-0.01
0.01
0.07
0.13
0.13
0.07
0.01
-0.07
-0.12
-0.02
0.14
0.26
0.33
0.30
0.15
-0.02
-0.17
-0.28
-0.33
-0.38
-0.41
-0.40
-0.39
-0.39
-0.38
-0.33
-0.28
-0.24
-0.17
-0.08
0
0
0
0
-0.01
-0.02
-0.04
-0.08
-0.14
-0.19
-0.24
-0.28
-0.29
-0.26
-0.20
-0.06
0.25
0.76
1.36
1.66
1.68
1.98
2.57
2.89
2,86
3.01
3.40
3,90
4.04
3,68
3.08
2.37
1.70
1.04
0.57
0.29
0.12
0.04
0.01
0,01
0.03
0.04
0.03
0.03
0.03
0
0
-0.01
-0.01
-0.03
-0.08
-0.16
-0.30
-0.50
-0.68
-0.80
-0.94
-1.07
-1.18
-1.24
-1.15
-1.03
-0.80
-0.48
-0.19
0.21
0.87
1.59
2.05
2.39
3.01
3.80
4.74
5.67
6.41
6.48
5.79
4.67
3.13
1.79
0.91
0.32
-0.01
-0.15
-0.17
-0.10
-0.03
0
0.01
0.03
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Since, in the present study, spring and summer comprise the months April
through September, these seasons correspond ideally to the warmest
months of the year. The marked annual cycle of the strength of the
standing eddies is not nearly as evident in the internal process, term
III, as it is in the boundary term, XI. This is presumably because the
former involves the gradient of the angular velocity which does not
weaken as much in the warm months as does the magnitude of the angular
velocity.
Some evidence of a land-ocean bias exists in the station network
when term XI is computed using Walker's stations, although the effect
is not generally large. Only in winter, near 30 N, is the difference
20 -significant, the maximum being reduced from 6.41 to 3.98x10 ergs sec
4. Evaluation at latitude 4 of the integral of XII:
A COSc~
This integral represents the transport of kinetic energy of the
mean zonal flow through work done by the stress component associated
with the transient eddy motions, u' , acting across the vertical sur-
face at #
Like terms X and XI, term XII is usually included as one of the,
boundary effects in the more traditional formulations of the zonal
kinetic energy equation. Its variation in time and space has not been
adequately investigated, however. This variation is depicted in Figs.
5, 6 and 8 and in Table 11.
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60-month and seasonal average values of the transport
to XII across various latitude walls. Units are 10 20
60 month spring
88
86
84
82
so
78
76
74
72
70
68
66
64
62
60
58
56
54
52
50
48
46
44
42
40
38
36
34
32
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0
0
0
-0,01
-0.02
-0.04
-0.07
-0.11
-0 16
-0.23
-0.28
-0.28
-0.28
-0.32
-0.40
-0.45
-0.44
-0.36
-0.16
0.21
0.77
1.52
2.50
3.59
4.48
5.20
5.96
6.60
7.07
7.19
6.84
6.07
5.04
3.99
2.93
2.01
1.26
0.65
0.22
-0.06
-0.22
-0.29
-0.27
-0.21
-0.13
-0.07
Table 11,
90 0N Lat.
to
0
-0.01
-0.02
-0.03
-0.04
-0.04
-0.05
-0.07
-0.13
-0.18
-0.24
-0.29
-0.35
-0.41
-0.45
-0.45
-0.38
-0.21
0,11
0.56
1.13
1.84
2.64
3.40
4.24
5.18
5.95
6.47
6.59
6.23
5.55
4.68
3.74
2.75
1.92
1.27
0.76
0.40
0.16
0.02
-0.06
-0.06
-0.03
0
0.03
due
-l
ergs sec
summer
0
0
-0.01
-0.01
-0.02
-0.02
-0.03
-0.05
-0.08
-0.11
-0.14
-0.17
-0.21
-0.26
-0.27
-0.22
-0.08
0.24
0.82
1.66
2.67
3.67
4.42
4.58
4.13
3.58
2.91
2.07
1.29
0.69
0.27
0.01
-0.13
-0.21
-0.25
-0.25
-0.25
-0.22
-0.19
-0,18
-0.20
-0.20
-0.19
-0.17
-0.13
fall
0
-0.01
-0.03
-0.06
-0.09
-0.11
-0.13
-0.16
-0.19
-0.23
-0.25
-0.30
-0.40
-0.56
-0.71
-0.77
-0,74
-0.60
-0.27
0.36
1.31
2.51
3.77
4.80
5.65
6,51
7.21
7,71
7.79
7.33
6,44
5.29
4.13
3,02
2,09
1.34
0.75
0,35
0.10
-0.03
-0.08
-0.07
-0.03
0.01
0.03
winter
0.01
0.03
0.04
0.04
0.03
-0.17
-0 10
-0.17
-0.23
-0.22
-0.10
0.07
0.15
0.17
0.21
0.32
0.50
0.67
0.88
1.20
1.68
2.44
3.45
4.69
6.41
8.49
10.5
12.3
13.4
13,2
12.0
10.1
8.25
6.30
4.52
3.05
1.86
1.02
0.46
0.14
0.09
-0.01
0.02
0,05
0.08
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The transport across the equator is quite small as might be anti-
cipated. In the 60-month mean, the transports are small but southward
in the tropics and high latitudes and large and northward in middle lat-
itudes. These results are in agreement with the balance requirements
of the angular momentum flux, which specify that there must be a net
0
northward transport of angular momentum across 30 N. As will be dis-
cussed more later, but which is obvious from Fig. 5, this necessary
northward transport is, in the mean, accomplished almost entirely by
the transient eddies.
The seasonal profiles of term XII (Fig. 5) present a reasonable
progression of the latitude of maximum northward transport, although
one might have expected the winter extreme to occur somewhat further
south. The relative magnitudes of the maximum kinetic energy transports
are also as would be expected, with greatest values in winter and small-
est in summer. Perhaps the most striking feature of the profiles is
their generally smooth, symmetric appearance. That such curves can be
produced from a mass of unsymmetric data must mean something about the
methods used and the stability of the process itself.
From Fig. 6 it is evident that the term is most important near
the tropopause, At the latitude of the maximum in all time periods,
the transports are northward throughout essentially the depth of the
atmosphere. It is interesting to note that at 60 N there is a center
of southward transport at about 300 mb. This feature persists at the
same latitude and height in all seasons, with only its magnitude varying,
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If the phenomenon is real, and not somehow a result of the numerical
methods used, it is most unusual and might deserve further investiga-
tion,
Walker's data give generally the same results as the full set
of stations, with the values of the maxima less than 10 per cent
smaller. The maximum transport in winter occurs at 30 N as opposed
to 320N in the present study, giving an even more logical seasonal
progression of this feasture.
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CHAPTER V
GENERAL DISCUSSION
In the preceding chapter, the pertinent terms in the new sym-
metrical equation for the kinetic energy of the mean zonal flow (23)
were discussed individually. In the present chapter, the interrela-
tionships among those terms as well as the evaluation of the equation
as a whole will be considered. In addition, some speculation will be
made concerning the role of various terms in answering certain ques-
tions arising in the theory of the general circulation.
Since the new equation differs from the traditional formulation
only in the form of the terms containing C) , it is of interest to
compare the sum of the Sl terms in one system to the sum of those
terms containing X1 in the other. In the present notation, I+V+IX
should equal XIV+XV, the sum of the horizontal and vertical Coriolis
terms. Table 12 contains the values for the northern hemisphere of
the pertinent terms. For the 60-month average condition, I+V+IX
yields -4.56 as opposed to a value of XIV+XV of -5.17. By reasons,
the sums are respectively, -12.1 versus -12.7 for spring, -6.91 versus
-6.50 for summer, +4.49 versus +3.20 for fall, and -0.41 versus -4.36
for winter. It is observed that the differences in all time periods
range between 2.5 per cent and 4 per cent of the largest term involved
in their calculation and are presumably due to round-off errors in the
computations. 'Even though the actual values obtained from the new 0l
terms closely approximate the Coriolis term XIV in some periods, the
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Table 12. 60-month and seasonal average values of the balance
of zonal kinetic energy for the northern hemisphere.
20 -1Units are 10 ergs sec
Term
IV
II
III
IV
VI
VII
VII
Ix
xi
XI
XII
mtn,
torque
60 month
17.5
0.21
0.35
7.03
-23.6
-0.36
-0.97
1.54
-0.02
0.03
-0.07
-0.54
spring
1.80
-0.10
0.44
5.60
-15.3
-0.21
7.63
1.40
-0.02
-0.01
0.03
-0.62
summer
-1.81
-0.04
1.05
4.64
-15.7
-0.12
2.02
10.6
-0.19
-0.08
-0.13
-0.55
fall
40.6
0.83
2.04
6.98
-39.4
-0.81
-11.1
3.29
-0.02
0.03
0.03
-0.78
residual 1.10 0.64 -0.31 1.69 5.50
XIV
XV
-5.19
0.02
-12.7
0
-6.51
0.01
3.15
0005
winter
92.5
3.10
1.21
4.86
-97.9
-3.23
0.03
4.99
-0.03
0.03
0.08
-0.14
-4.47
0.11
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great dislarity in winter precludes the use of the new XL terms to
estimate XIV in general. It should be pointed out that the vertical
Coriolis term XV is negligible as is usually assumed.
Since the kinetic energy of the mean zonal flow should not change
at an appreciable rate in the time periods considered, the sum of all
the terms in (23) which were evaluated should theoretically equal zero.
This is made possible because of the way the frictional dissipation
term was included with the vertical eddies in term VII. However, as
discussed earlier, the smooth earth assumption leads to systematic
errors. In an attempt to eliminate the most significant errors due to
this assumption, the process whereby the zonal kinetic energy is re-
duced by the mountain torque effect was considered. This effect was
computed using the mean pressure differences across mountain barriers
reported by White (1949). For more details in this regard, see Starr,
Peixoto and Sims (1970).
Table 12 contains the results for the balancing of the kinetic
energy equation, with the mountain torque correction included. The sum
of all the terms is in the row labeled residual. Encouragingly, the
residuals are all relatively small, amounting to less than 6 per cent
of the largest number included in the sum. However the largest residual
(winter) has a greater absolute value than all but two of the individual
quantities from which it was computed. This fact reaffirms the diffi-
culty in evaluating the symmetrical equation from data. Starr, Peixoto
and Sims (1970) achieve much smaller actual residuals using the more
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traditional equation, although their residuals are percentually greater
than those in Table 12 (except when Walker's station network was used).
Walker's data result in slightly smaller residuals for the present equa-
tion also.
In Fig. 7, the 60-month mean profiles of the vertical integrals
of terms I through XII are plotted. In order to compare the various
processes, each of the internal horizontal, internal vertical and
boundary transport terms are grouped together and plotted on the same
scale within groups. The new SL terms are indicated by heavy, full
lines. It is obvious that in each group, the l term represents
more extreme values than any of the other terms. This is not entirely
unexpected since l- a cO. 4 is such a large quantity. One might
hastily conclude that the effect of the earth's rotation on the merid-
ional circulations, not through Coriolis forcing but rather through
momentum transports, is the dominating process in governing the balance
of the zonal kinetic energy. However, the net effect of this process,
at least in the 60-month mean, is not as important as the horizontal
transient eddy effects. This is due to compensations between the hori-
zontal and vertical components of the - generation terms and the fl.
boundary transport terms. On the other hand, the contribution of the
mean meridional circulations acting relative to the earth, as given by
terms II, VI and X, is comparatively insignificant toward the mainte-
nance of the zonal wind systems.
Since 30 N marks the approximate mean boundary between the Hadley
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cell and the Ferrel cell, there should be little if any transports
across this latitude by these mean cells. This is verified by observa-
tions as shown by the curves labeled IX and X in' the bottom panel of
Fig. 7. However, in the same figure it is obvious that the net genera-
resulting from internal horizontal processes is less than the net des-
truction of kinetic energy resulting from internal vertical processes.
The kinetic energy of the mean zonal flow is then, on the average,
being reduced by actions interior to the volume north of 30 N. To
maintain this kinetic energy at a nearly constant level requires the
transport of additional energy, by some process, northward into the
region. As already stated the mean cells cannot account for this
transport, through stress-work processes or by physical advection of
kinetic energy. The additional energy must then be supplied by the
eddies. This is shown graphically by the curves labeled XI and XII
in Fig. 7. The same general statements can be made regarding the
boundary between the Ferrel cell and the polar cell, although of course
the magnitudes of the transports involved are much smaller.
In fall and winter, every boundary term transports energy north-
ward across 20 N, contributing to the general acceleration of the cir-
culations at higher latitudes in these seasons (see Fig. 5). With the
exception of term IX, every boundary term transports energy southward
0
across 20 N in summer, although the transports are considerably weaker.
Since the warm season slowdown north of 20 N is not aided much by the
boundary transports, the internal processes must on the average destroy
kinetic energy during this period. The processes which contribute most
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to this destruction are the mean meridional circulations, since the
eddies, both horizontal and vertical continue to generate kinetic
energy in this case.
From the profiles of the vertical boundary transport terms in
Fig. 7, one can obtain, by graphical addition, a single curve repre-
senting a meridional profile of the vertical integral of all physical
transport terms combined. (One can do this as well from Tables 8-11,
keeping in mind the additional contribution from the advection term,
XIII, which is one half as large as term X at all latitudes.) Upon
constructing the total transport curve one finds net northward trans-
ports at all latitudes south of about 340 N and north of about 61 N
with net southward transports between. Based on these results, the
kinetic energy balance of the atmosphere north of 34 N could be con-
sidered without regard to vertical boundary effects. In other words,
this volume constitutes a closed system in the long term average.
Latitude walls, across which there are no net energy transports, are
found in summer at 370 N, in fall at 39 N and in winter at 31 0N. In
spring there is no corresponding mid-latitude wall, the closest one
being at about-15 N where all transports are small. There is relative
minimum of total transport however at about 30 N in spring. It is
interesting to note that the locations of these latitudes, which are
based on the vertical integrals of the transport terms, correspond
within one degree to the latitudes at which the mean SURFACE norther-
lies change to southerlies. (See the mass streamlines of Starr, Peixoto
and Gaut, 1970.) The reason for this correspondance is not known,
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although it seems to be more than coincidence.
The transports across the equator are negligible except for
term IX. Even though in general, IX is the least accurately measured
of the boundary terms, the fact remains that it indicates a net north-
ward transport across the equator in all seasons. The cross sections
show, further, that only in fall are there any appreciable compensa-
ting effects in the vertical. Therefore, even though the absolute
value may not be precise, the sign is almost certainly positive. The
conclusion must then be reached that the southern hemisphere, in the
long term average and in fact in each season, is supplying kinetic
energy to the northern hemisphere.
From Table 12 it is observed that terms II and VI nearly cancel
each other, except in spring and summer when they are very small. The
canceling effect is present also between terms I and V, except again
in spring and summer. However, as has been mentioned,.the absolute
values of these latter terms are somewhat uncertain, so that the
cancelation may not actually be so complete. On the other hand, if
better measurements were available, the cancelation might be present
also in spring and summer. At this point it is impossible to say.
That the terms mentioned do tend to cancel should perhaps be expected
since [v] and N,§ are related by mass continuity.
Some cancelation is also seen between term VII and the Coriolis
term, XIV, although the effect is by no means complete. The vertical
eddies, represented by VII, appear to have a moderating influence on
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the kinetic energy balance, preventing the atmosphere from stopping
altogether in spring because of the large braking effect of the mean
meridional circulations. In fall, on the other hand, the mean merid-
ional circulations tend to over-accelerate the westerlies. This effect
is moderated by the braking action of the vertical eddies of, perhaps,
all sizes.
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CHAPTER VI
CONCLUDING REMARKS AND RECOMMENDATIONS
FOR FURTHER RESEARCH
The new, symmetrical zonal kinetic energy equation has been
evaluated from a large collection of upper-air observations. Many
of the terms have been examined fo.c the first time. It was found that
the new terms, involving the earth's rotation, £l , are very sensi-
tive to small errors in the measured winds. For this reason, the ab-
solute values of these terms are uncertain, although their signs are,
in most cases, probably correct. There are also theoretical problems
concerning the new fl terms. In studies of the total energy cycle in
the atmosphere, it is known that the cell motions account for the con-
version between zonal available potential energy and zonal kinetic
energy (see e.g. Lorenz, 1967). The Coriolis term, XIV, is therefore
important in this conversion, and is in fact equal to this conversion,
if the total atmosphere is considered and the westerlies are assumed
to be geostrophic. In what way, physically, do the new 1. terms re-
present this conversion?
Another question that has not adequately been answered is the
problem of how.the energy from the troposphere is transported upward
to drive the stratospheric refrigerator. Some indications of this
process can be seen in the cross sections of terms V and VII. A more
thorough examination of these terms might provide needed insight toward
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the solution to this problem, however there are, of course, quantities
other than the zonal kinetic energy involved.
The interaction between the oceans and the atmosphere is present-
ly receiving much attention. The results herein obtained for the ver-
tical processes might be applied to a study of this nature. For example,
as mentioned earlier, terms V and VII seem to be important near the sur-
face, indicating a net loss of energy at low latitudes in the lower
troposphere. Perhaps an investigation of the kinetic energy balance in
a zonal belt in the tropics, which includes the important vertical terms,
would reveal to what extent the (zonal) ocean currents are driven by
the atmosphere through indirectly measured kinetic energy transports.
There is need for additional study of the vertical processes.
Their role in maintaining the kinetic energy balance is too often over-
looked, partially because of the difficulty in measuring this action,
but also because scale theory tends to downgrade their importance.
One of the most significant results of the present work is that the
vertical processes, rather than being inconsequential, seem to play a
vitally important part in the kinetic energy balance. In this regard,
however, it should be pointed out that it is not absolutely certain
that the vertical processes, as estimated here, are real or whether
they are forced to behave as they do because of the manner in which
they are computed. In other words, it is not certain what effect the
mass continuity restriction has on the total balance of the energy
equation. But on the other hand, it must offer such a restriction in
the real atmosphere. Still it might be asked whether the equation
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would balance equally well if any reasdnable set of rv) was used.
Preliminary results by Starr, Peixoto and Sims (1970) indicate other-
wise, but additional study of this matter should still be given high
priority. Of course, if a reliable distribution of o could be obtained
by some more or less independent method, the question of whether or
not the vertical processes, as here measured, are real becomes academic.
Reliable distributions of w are, however, not yet available.
The problem of a possible bias in the data used has not yet
been completely resolved. Walker (1970) did find a bias, presumably
caused by the uneven distribution between land and ocean stations.
However, the better results he obtained may have been due to the elim-
ination of some stations with erroneous observations. A careful scru-
tiny of the station records he omitted might prove this to be the case.
Since the greatest changes occurred in winter, data for this season
might be examined first.
There may also be a bias caused by a lack of accurate observa-
tions at certain times and places due to frequent bad weather. Such
a possibility was discussed by Starr, Peixoto and Gaut (1970). This
bias might be studied by considering clusters of stations, with prior-
ities somehow assigned to each. Then, if the primary station has no
report for a given time, a nearby secondary station could be used in
its place. The bad weather bias would also, presumably, be most pro-
nounced in winter.
The existence of a stronger bias in winter than at other times
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may not be entirely unexpected. Since the temperature contrast between
continents and oceans is greatest in winter and weather conditions are
usually most severe in winter, it would seem that the distribution of
stations used and the number of observations missed are most critical
in this season. One would anticipate that the terms most dependent on
these effects are those involving the standing eddies and the mean
meridional circulations. The question of biased observations, either
of the types mentioned above or of other types (for example the much
discussed light wind bias) is not completely resolved and needs much
more study.
Finally, it is the hope of the author that the results contained
herein will encourage others to pursue the study of the kinetic energy
of the mean zonal flow. The improvement of numerical forecasting models
depends on increasingly more accurate and meaningful observational studies
of such atmospheric processes.
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